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Hot Electrons Produced by Resonance Absorption in a Microwave-Plasma Interaction
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The enhanced electric fields and suprathermal electron production due to resonance
absorption of a microwave beam in an inhomogeneous plasma are investigated. At un-
expectedly low driver-field amplitudes, the enhanced field amplitude and associated
electron acceleration are apparently limited by wave breaking rather than convection.
In the wave-breaking regime, a simple cold-plasma model accurately predicts many of

the results, including the observed increase in wave-breaking time, and decrease in
hot-electron energy obtained upon use of a finite-bandwidth driver.

PACS numbers: 52.25.Lp, 52.25.Ps

Resonance absorption'™ and the accompanying
suprathermal electron production are important
in laser-plasma interactions, particularly at the
longer laser wavelengths. Here we present the
first detailed investigation of electromagnetic ra-
diation (microwaves) in an inhomogeneous plasma
where the interaction is dominated by resonance
absorption with the field amplitude limited by
wave breaking. Specifically, we have concen-
trated on the initial-value problem concerning
growth and saturation of the waves before exten-
sive density-profile modifications can occur. For
this essentially fixed-profile case, we find that
(1) there is a broad region of incident powers
over which a cold-plasma wave-breaking model
accurately predicts the field growth and satura-
tion and the accompanying accelerated electron
energies; (2) the wave-breaking regime occurs
at much lower incident powers than expected;

(3) moderate driver bandwidth reduces the maxi-
mum field amplitude and electron energies;

(4) the effects of driver bandwidth including in-
creases in wave-breaking time and reductions in
field intensities and hot-electron energies are in
good agreement with a cold-plasma wave-break-
ing model.’

It is helpful to review briefly the predictions of
the cold-plasma wave-breaking model. A Lagran-
gian plasma description with 6, =eE, /mw2<L
yields the displacement equation

'5+wp2(xo)6 =06,w,2 expliw,t), 1)
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where w,2(x,) =w (1 +x,/L) and x =x4+6{x,,1).
The driving electric field E, is related to the
vacuum field E, by '

E =E.0(r)/ @k L)"2, @)

where T = (¢,L)"® sinf with 6 the angle of incidence
and @(7) is the resonance function.® Wave break-
ing occurs when 86/0x,=~1 which yields the
wave-breaking time

t,=(1/wg)(BL/6)2 o P03 )

where P is the incident rf power. In addition, the
wave-breaking electric field intensity satisfies
E2xP%5, Electrons are ejected with velocity
(62~ 2w 2L6, which results in a maximum energy
8, mwy2Ld, o P, Simulations have shown that
the suprathermal temperature T', < §,, although
the thermalization mechanism is still under dis-
cussion.®

A finite-bandwidth pump can be treated by sub-
stituting expliwt +i¢ ()] in Eq. (1) where ¢() is a
random phase function with

(explio@t) —io@")]) =exp(- Aw|t —¢']). @)

Solving for the ensemble-averaged quantities in
the limit Aw > wx /2L and Awt > 1 we obtain

to/tro =1.02[(L/5,) (Aw /w )?]® )
and
Ebz/Eboz = 8m/8mo =[(360/8L)(w0/Aw)2]1/3. (6)

These indicate that {, increases with bandwidth
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while E, and §, decrease with bandwidth. How-
ever, since the total energy absorption is unaf-
fected, the hot-electron density should increase.
The experiments were performed in an unmag-
netized inhomogeneous plasma (60 cm diam, 80
cm length, 50 em gradient scale length). Linearly
polarized, pulsed microwave radiation (f,=w,/2m
=3 GHz) of typical rise time 7,~2 -10 ns and
=~ 25X 38 cm size is launched with 6 ~12°-14°,
The experiments were performed in the plasma
afterglow which is completely Maxwellian with #,
=~ 10" em™%, n,~10"® em™3, T,~1 eV, and T,/T;
=~5. Electron distributions are obtained with mov-
able, shielded, retarding-grid energy analyzers.
Electric fields are determined with shielded,
miniature coaxial probes. Probe measurements
in the vicinity of the resonance layer may be sub-
ject to error due to local perturbations. However,
we did not observe any effect on nonperturbing
diagnostics located away from this region (such
as energy analyzers and magnetic probes) when
electric probes were moved into the critical lay-
er. In addition, the relative electric-probe meas-
urements were consistent with the others lending
further strength to their validity. By mixing nar-
row-band rf with random noise, a random ampli-
tude-modulated driver of adjustable bandwidth
permitted the study of finite bandwidth control
similar to earlier work on spontaneous field gen-
eration and the parametric decay instability.?™1°
We concentrate on the initial-value problem
of the growth and saturation of the phenomena
with resonance absorption during the first 0.5 us
(w,e7 < 10% when the profile is essentially fixed
so that the analytic theory can be expected to ap-
ply. Figure 1(a) shows the growth of the peak
electric field near the critical layer. The field
grows until it reaches a maximum value (w,;7
=20) after which it collapses to ~(10-15)% of its
peak value. The saturation of the field appears
to be consistent with wave breaking. Figure 1(b)
shows the scaling of the peak field intensity E ;>
and time ¢, versus incident power. For 50 W <P
<600 W (3X10™%<n,, =E2/81KT,<4x107%), the
profile modifications are small (<14%) and we
find ¢, < P~ %3! and E 2o P**® in agreement with
the predicted P~ %25 and P°*° dependences. For P
>600 W, the scalings change tot, <P *? and E 2
o P47, However, the present discussion is re-
stricted to the low-power region. The measured
time scales are also in quantitative agreement
with the wave-breaking model. Using our param-
eters, we estimate that E,~ 2.77 V/cm at P =500
W. This results in a predicted wave-breaking
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FIG, 1. (a) Time histories of rf pulse (P =500 W),
narrow-band critical-layer electric field intensity,
finite-bandwidth (Aw/w=14%) field intensity, narrow-
band hot-electron current (> 20 eV) and finite-band-
width hot-electron current. (b) Scaling of narrow-band
electric field intensity, maximum cutoff energy, and
wave-breaking time with incident power.

time of ~ 290 ns which is in good agreement with
the measured value of ~ 300-350 ns. Finally,
Langmuir probe measurements of the time evolu-
tion and absolute intensities of the second and
third harmonics of the electrostatic field (rela-
tive to the fundamental) were in agreement with
predictions of cold-plasma theory. Coincident
with the electric field growth, a burst of hot elec-
trons is observed. The hot-electron tail distribu-
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tion is found to be Maxwellian with temperature
T, up to a maximum energy &, where the distri-
bution rapidly decreases. The electron energy-
analyzer current at the wave-breaking time ap-
proximately 3 ecm below critical is shown in Fig.
2 as a function of analyzing voltage, both with and
without rf. The formation of the energetic elec-
tron tail is clearly seen. We find that both the up-
per energy cutoff &, and T, scale as P°® with the
former in agreement with the cold-plasma model.
For P>600 W, a two-temperature hot-electron
tail develops.

The above data show good agreement with wave-
breaking theory for 50 W<P <600 W. However,
for these conditions, Langmuir wave convection
is predicted to limit the field amplitude rather
than wave breaking.!’ The calculated convective
saturation time is = 75-100 ns. Referring to Fig.
1(a) we see that there is in fact a first peak or
shoulder on the | E| 2 trace (smaller than the wave-
breaking amplitude) at = 100-150 ns after rf turn-
on. We investigated the scaling of the amplitude
of this peak and find that it is <P%®  in reason-
able agreement with the expected linear power
scaling for convective saturation. In addition,
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FIG. 2. Energy analyzer current vs analyzing voltage
both without rf and with narrow-band and finite-band-
width pumps (P =150 W),

the time at which this first peak occurs was
found to be independent of power as expected for
convective saturation. The continued growth (and
agreement with cold-plasma wave-breaking theo-
ry) is explained by the fact that before convective
saturation is reached we already have vy, ye
=eE ,,ye/mw3Zv,, and the thermal convection pic-
ture is suspect. To more clearly see this transi-
tion we performed detailed measurements for 0.1
WsP<600W. We find that below P =50 W @, ve
~yp,.) the transition toward convective saturation
begins. Specifically, for 8 Ws P,< 50 W we find
E,,2xP!518 [gee Fig. 1(b)]. However, not until
P,s1 W do we begin to observe “pure” convective
saturation. This is considerably lower than the
power level which is predicted from the commonly
used estimate of E.,,,~ E g for the transition.
Finite-bandwidth pump effects were studied.
Figure 1(a) shows the electric field growth near
the critical layer for both narrow-band and finite-
bandwidth pumps. The increase in the wave-
breaking time and decrease in wave-breaking field
amplitude in the finite-bandwidth case is obvious.
The wave-breaking time and critical-layer elec-
tric field intensity are plotted in Fig. 3 as a func-
tion of the bandwidth of a random amplitude-mod-
ulated pump (solid lines, theory). The average
power was maintained at P =520 W for the data
shown. The agreement is seen to be excellent.
As shown in Fig. 2, finite bandwidth reduces
T, and §,. Detailed measurements were made of
the dependence of T, and &,, on pump bandwidth
for an incident power of 150 W. The cutoff ener-
gy was &, (Aw/w,)" %% in close agreement with
the predicted (Aw/w,)” %2 scaling. T, scales very
differently with bandwidth [<(Aw/wy) 03] than
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FIG. 3. Comparison of measured wave-breaking field
and time dependence on pump bandwidth with cold-
plasma wave-breaking theory [Eqgs. (5) and (6)].
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8. Spielman et al.'? observed a similar band-
width effect on T',. However, the most striking
and important effect appears to be the reduction
in &,, observed in our experiment and predicted
theoretically.

The total number of hot electrons also decreas-
es as the bandwidth is increased (z; o (Aw/w,) 043,
One would not expect finite bandwidth to affect the
amount of energy deposited through resonance
absorption on the basis of the cold-plasma model.
However, we find experimentally considerable re-
ductions in profile modifications (2.7% vs 14%)
which could in turn change the total absorption.

In conclusion, we have shown that at low power
levels the cold-plasma wave-breaking model ac-
curately predicts the wave-breaking time ¢, ,
scaling of the electric field £, , and maximum
wave-breaking energy §,. Furthermore, the hot-
electron temperature T, scales with §,. The
transition from convective saturation to wave-
breaking saturation was found to occur when
VUyave V4 » Finally, we have shown that finite
pump bandwidth reduces the hot-electron tempera-
ture, increases the wave-breaking time, and de-
creases the field amplitude and maximum elec-
tron energy as predicted.
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Class of Model Stellarator Fields with Enhanced Confinement
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A class of model stellarator fields has been found in which the transport is reduced by
an order of magnitude from transport in conventional stellarators, by localizing the
helical ripple to the inside of the torus. The reduction is observed in numerical experi-
ments, and explained theoretically. Realizations of this class are achievable with use of

‘modular coils.

PACS numbers: 52.55.Gb

We report here on the discovery of a family of
model stellarator configurations having transport
which is greatly reduced from that which has
been theoretically predicted,"? and observed in
numerical experiments,® for the standard config-
uration traditionally envisioned. Such an enhance-
ment of confinement is important, since the trans-
port levels predicted by the theory of Refs. 1 and
2 may be too large to make a stellarator reactor

322

of acceptable size.

The new configurations are related to one pro-
posed by Meyer and Schmidt* (the MS configura-
tion). There, the objective was to improve the
equilibrium properties at high g (the ratio of the
pressures of the plasma and the confining mag-
netic field) by reducing the Pfirsch-Schluter cur-
rents Jpg. This is achieved by localizing the rip-
ple in the magnetic field B induced by the helical
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FIG,. 1. (a) Time histories of rf pulse (P =500 W),
narrow-band critical-layer electric field intensity,
finite-bandwidth (Aw/w=14%) field intensity, narrow-
band hot-electron current (> 20 eV) and finite-band-
width hot-electron current, (b) Scaling of narrow-band
electric field intensity, maximum cutoff energy, and
wave-breaking time with incident power,



